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R. J. ANDERSON
The present review will be devoted to an account of the chemical
investigations that have been carried out in the Sterling Chemistry
Laboratory on the lipids of the tubercle bacillus and certain other
acid-fast bacteria. Detailed reports covering the results that have
been obtained have been published from time to time, and a partial
list of these reports will be found at the end of this paper. Since
these investigations have been conducted continuously during thepast
sixteen years, it may be of some interest to record how this work
began, and also how it has been supported. It represents, in fact, a
unique contribution to the knowledge of the chemical compounds
elaborated by acid-fast micro-organisms.
The work was initiated by the Medical Research Committee of
the National Tuberculosis Association, under the leadership of the
Chairman of this Committee, Doctor William Charles White, and
it has been supported by grants provided by this Committee. It is
seldom that such a long-term program has received the continuous
support by any association. It is more than likely that the results
obtained could not have been achieved except by the long-term
support. Short-term grants, such as are often given for a year or
two, would probably have produced only meager results. Thanks
to the wisdom and far-sighted outlook of the Medical Research
Committee of the National Tuberculosis Association, there is now
available a new chapter, not only in the chemistry of the tubercle
bacillus and other acid-fast bacteria, but also in organic chemistry.
In 1926 the author was invited to come to Yale for one year
as a Sterling Research Fellow, to begin studies on the sterols of
the tubercle bacillus. However, before the year was over so much
progress had been made and so many new chemical compounds had
been isolated that a permanent association with the Yale Chemistry
Faculty was arranged, in order that the investigations could be
continued.
The importance of sterols was at this time dawning on the world.
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The work of Hess and Steenbock had demonstrated convincingly
that irradiation by ultraviolet light of foodstuffs, fats, and unsaponi-
fiable matter derived from fats of animal and plant origin produced
very active antirachitic compounds. The antirachitic substances
produced by irradiation were finally shown to be derived from
sterols, cholesterol, and phytosterol, and finally the most active pro-
vitamin was found to be ergosterol.
It was known in a general way that the fats or lipids of the
tubercle bacillus contained large amounts of unsaponifiable matter,
and it was assumed that this fraction consisted largely of sterols,
although no definite knowledge of the nature of this unsaponifiable
matter existed. It was by sheer accident that the author had be-
come interested in the study of plant sterols some years earlier,
and had been able to show that the principal plant sterol, namely,
sitosterol, which previously had been regarded as a pure and chem-
ically homogeneous substance, was, in fact, a very complex mixture
containing several different sterols. It was found possible, after
much labor, to separate a presumably pure sitosterol into at least
five components, namely, dihydrositosterol, stigmasterol, and three
other isomeric sterols which were designated a-, P-, and y-sitosterol.
The results of these experiments on plant sterols were presented
at the meeting of the first Organic Symposium held in Rochester,
New York, in December, 1925. Professor T. B. Johnson of Yale
Universitywas present at this meeting. Professor Johnson had been
interested in studies concerning the nucleic acids and proteins derived
from the tubercle bacillus. It was at Professor Johnson's sugges-
tion that the author was invited to begin a study of the sterols of the
tubercle bacillus in order to broaden the investigation carried out at
Yale University. Although the original object of the investigation
was to study the sterols of the tubercle bacillus, this object was never
realized. After a diligent and careful search for sterols among the
ether-soluble constituents of the tubercle bacillus and other acid-fast
bacteria, we were forced to the conclusion that these organisms are
devoid of sterols.29
In view ofthe factthat no sterols couldbe found, it was necessary
to start our investigations from first principles. A careful study of
the literature and of the results reported by earlier investigators,
which had been continued since the first chemical investigation on
the tubercle bacillus was reported by Hammerschlag in 1888,44
revealed the astonishing fact that up to 1926 the only chemical con-
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stituent of the lipids of the tubercle bacillus that had been definitely
identified was oleic acid. The identification of oleic acid was made
in 1920 by Goris,42 who, on oxidation of the liquid acids, was able
to isolate dihydroxystearic acid in pure form. A large number of
other fatty acids had been reported by several investigators but none
of these acids had been adequately identified.
Doctor Willard Soper was interested in our work from the
very beginning, and in the early part of 1927 he came to the labora-
tory and examined the various preparations that were then available.
He was especially interested in the phosphatide which had been
shown by Doctor F. R. Sabin to possess particularly interesting bio-
logical properties. Doctor Soper remarked, "You must realize, and
I need not tell you, that it is most important to preserve specimens
of every original fraction that you have isolated. Samples of these
fractions should be labeled and preserved for future reference."
We have held this admonition in constant view. Specimens of all
fractions and compounds that we have prepared have not only been
saved, but have been preserved in permanent form in sealed glass
tubes. The preparations will form a permanent exhibit in the
Sterling Chemistry Laboratory where they will be available for
future reference to anyone interested in continuing the further
studies on the chemistry of the lipids of the tubercle bacillus.
For chemical investigations of natural products by methods
available in 1926, large quantities of raw material were essential.
The major problem in starting this work was, therefore, to secure
sufficiently large quantities of tubercle bacilli in order that adequate
amounts of the different fractions would be available, not only for
chemical investigations, but also for the study of the biological reac-
tions of these fractions. Through the cooperation of Doctor Wil-
liam Charles White and Doctor John Reichel of the Mulford
Company of Philadelphia, the Mulford Company provided us
with 2000 cultures of human tubercle bacillus, strain H-37. The
cultures were grown on the Long synthetic medium46 in one-
liter Pyrex bottles for from 4 to 8 weeks. The appearance of
the cultures and the arrangement of the Pyrex bottles in a large
incubator in the Biological Laboratory of the Mulford Company
at Glenolden, Pennsylvania, are shown in the illustrations.
The Long synthetic medium has the following composition:
asparagine, S gm.; ammonium citrate, S gm.; monopotassium phos-
phate, 3 gm.; sodium carbonate, 3 gm.; sodium chloride, 2 gmi.;
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magnesium sulfate, 1 gm.; iron ammonium citrate, 0.05 gm.; gly-
cerol, 50 gm.; water, 1000 cc.
The other acid-fast bacteria, namely, the bovine25 and avian'
types of tubercle bacilli, the Timothy grass bacillus,37 and the lep-
rosy bacillus,61 which were investigated subsequently, were grown
on the same synthetic medium and under identical conditions. The
employment of standard conditions for the cultivation of the bacteria
and the use of a synthetic medium of known composition were con-
sidered essential in this comparative investigation. Only by such
methods could one be sure that the various complex bacterial com-
ponents, such as lipids, carbohydrates, and protein, had been syn-
thesized by the living cells from very simple chemical compounds
of known constitution.
Although the bacteria used in our investigations were cultivated
under identical conditions, it was shown by analyses of the various
lipid fractions that each strain of bacteria produced lipids that con-
tained distinctly different chemical compounds. It is evident,
therefore, that each type of acid-fast bacterium produces specific
metabolic products. It was of particular interest to find that the
lipids of the human type of tubercle bacilli contained a number of
specific compounds that were not found in the other bacteria exam-
ined in this study.
Extraction of the Lipids2-After adequate growth had been
attained the bacilli were filtered off, washed with water, and immedi-
ately introduced into a solution of alcohol and ether 1:1 contained
in 5-gallon Pyrex bottles. The bacilli were exhaustively extracted
with renewed quantities of alcohol-ether, after which the cells were
filtered off, and further exhaustively extracted with chloroform.
Following these treatments the cells were filtered off, washed with
chloroform and ether, and dried at low temperature to constant
weight. The extractions mentioned above had removed all lipids
soluble in neutral organic solvents. However, the bacterial cells
still contained relatively large quantities of firmly bound lipids
which could be removed by treatment with very dilute hydrochloric
acid followed by extraction with ether and chloroform, as will be
described later.
Every precaution was taken to prevent changes or decomposition
of the lipids during their isolation. All extractions were made
at room temperature, and the solvents had been carefully purified.
In order to prevent oxidation air was excluded as far as possible by
314Appearance of cultures of tubercle bacilli grown in liter pyrex bottles on the Long synthetic
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A portion of the incubator showing the cultures of tubercle bacilli at the Biological Labora-
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the use of carbon dioxide or nitrogen, and all the solvents had been
saturated with carbon dioxide before they were used. The volu-
minous extracts were concentrated under reduced pressure at a low
temperature.
The alcohol-ether extracts, after the ether and most of the
alcohol had been removed, were freed of lipids by extraction with
ether, and the ethereal solution was forced through a Chamberland
filter under carbon dioxide pressure. The lipids contained in the
dear filtrate were isolated and separated into phosphatide, acetone-
soluble fat, and a low-melting wax. The chloroform extracts were
concentrated to a convenient volume, forced through a Chamberland
filter under carbon dioxide pressure, and the lipids were separated
into high-melting waxes and low-melting waxes. Following this
preliminary separation of the lipids into more or less distinct frac-
tions that differed greatly in solubility and properties, each fraction
was analyzed and the composition determined.
TABLE 1
LIPID FRACTIONS FROM ACID-FAST BACILLI
Human Avian Bovine Timothy Leprosy Type of bacilli H-37 No. 531 No. 1698 No. 02145 No. 370
No.ofcultures 2000 2000 1700 1600 3000
GM. % Gm. % Gm. o G mG. %o Gm. %
Phosphatide 253.1 6.54 79.7 2.26 60.5 1.55 18.7 0.59 100.5 2.20
Acetone-solu-
ble fat 240.0 6.20 77.3 2.19 131.7 3.34 87.4 2.75 289.5 6.47
CHCl3-soluble
wax 427.0 11.03 379.5 10.79 336.0 8.52 158.4 4.98 444.8 9.98
Total lipids 920.1 23.78 538.5 15.26 528.2 13.40 264.5 8.37 834.6 18.70
Dry bacterial
residue 2902.0 75.01 2942.7 83.71 3370.1 85.50 2783.1 87.70 3389.8 80.38
The human, bovine, and avian types of tubercle bacilli, and the leprosy bacillus
were provided by H. K. Mulford Company and Sharp & Dohme, of Philadelphia
and Glenolden, Pennsylvania. The Timothy grass bacillus was supplied by Parke,
Davis & Company, Detroit, Michigan.
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Composition of Phosphatides3-The phosphatides were purified
by repeated precipitation from ethereal solution with acetone, until
the composition was constant. In solubility the phosphatides were
very similar to the ordinary mixtures of lecithin and cephalin. They
are easily soluble in ether, chloroform, or benzene, but insoluble in
acetone. When the phosphatides are dissolved in ether and acetone
is added to the solution, a thick, heavy, gummy precipitate is formed.
However, when concentrated ethereal solutions of the phosphatides
are poured into a large volume of cold acetone, the preparations
separate as nearly white granular powders.
The phosphatides are easily dispersed in water, forming col-
loidal solutions which show acid reaction to litmus, and which on
sufficient dilution with water become clear. More concentrated
colloidal solutions are precipitated by the addition of acids or salts.
All of the bacterial phosphatides that we have studied are similar
in properties, but they show considerable variation in composition
from strain to strain, and especially in fatty acid components. The
percentage of phosphorus and nitrogen is lower than in ordinary
phosphatides, as is shown in Table 2. The nature of the nitrogen
components has not been completely elucidated, but some of the
TABLE 2
COMPOSITION OF THE PHOSPHATIDES
Strain ofbacilli Human Bovine Avian Timothy Leprosy
Melting-point ............. 2100 2080 2100 1900 2310
Phosphorus S ............. 2.30 1.87 2.18 2.80 1.75
Nitrogen %O ............... 0.36 1.00 0.48 0.22 Trace
Fatty acids SS ............. 66-67 57-58 55-56 60 62.2
Water-soluble %S ......... 33-34 43-44 46-47 40 38.0
nitrogen is present as ammonia. Choline and aminoethylalcohol,
which are present in ordinary phosphatides, could not be found.
Cleavage Products of the Phosphatides24-The phosphatides on
hydrolysis with 5 per cent aqueous sulfuric acid yield fatty acids and
water-soluble compounds. The fatty acids were extracted with
ether and separated by the well-known lead soap ether procedure
into solid and liquid fatty acids. The liquid fatty acids isolated
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from the ether-soluble lead salts were found to contain some
and important acids whose separation and purification presented
siderable difficulties. The crude liquid acids had low iodine i.
bers, thus indicating the presence of a large percentage of lie
saturated fatty acids. In order to separate this mixture of unsa-
ated and saturated liquid acids, recourse was had to catalytic hyd
genation with platinum oxide as catalyst. Unsaturated acids we.
thereby reduced, forming ordinary solid fatty acids. On repe
the lead soap ether separation the reduced acids were r
because they formed lead salts that are insoluble in ether,
could be removed by filtration or centrifugation. The ac
from the ether-soluble lead salts represented a new and p 2
unknown series of liquid saturated fatty acids. The liquid sa
acids isolated from the phosnhatide of the human tubercle ba
were dextrorotatory, whereas those from the phosphatides of
other acid-fast bacteria were optically inactive.
The Solid Fatty Acids-The solid fatty acids obtained from
the original ether-insoluble lead salts were mixtures of ordinary
straight-chain acids in which palmitic acid predominated.
The solid acids isolated after catalytic reduction consisted largely
of stearic acid, thus indicating that the unsaturated acid was prin-
cipally oleic acid, but in some cases lower acids were also present.
The component fatty acids isolated from the phosphatides of the.
S strains of acid-fast bacteria are shown in Table 3.
TABLE 3
FATTY ACIDS CONTAINED IN THE PHOSPHATIDES
Organism Human Bovine Avian Timothy Leprosy
Solid saturated acids, mainly
palmitic %b .................. 30.5 26.7 16.7 20.0 24.8
Wax-like acids %b .............. None 6.5 8.3 6.0 11.2
Liquid acids % .................. 36.1 25.7 34.4 23.6 29.2
Iodine No. of liquid acids .. 31.0 12.1 36.8 26.2 55.0
Solid reduced acids %o ........ 12.8 6.6 17.7 5.6 17.0
Liquid saturated acids % .... 20.9 15.5 16.7 18.0 10.8
Mol. wt. of liquid saturated
acids ................ 313 306 303 380 295
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The Water-soluble Compounds of the Phosphatides-The acid
solutions from which the fatty acids had been extracted, as men-
tioned above, were found to contain some free inorganic phosphoric
acid, an organic phosphoric acid, reducing sugars, and some other
compounds. These constituents were separated in the following
manner. First of all the sulfuric acd was removed quantitatively
with barium hydroxide, after which the solution was concentrated
under reduced pressure to small volume and then neutralized with
barium hydroxide. The precipitate that separated was filtered off,
and since it was found to consist of barium phosphate it was dis-
carded. Addition of alcohol to the filtrate gave a white amorphous
precipitate, which, after purification, corresponded in composition
to barium glycerophosphate. The filtrate from the barium glycero-
phosphate was concentrated under reduced pressure to a volume of
about 10 cc. and mixed with phenylhydrazine dissolved in a few
drops of alcohol. A crystalline precipitate separated almost imme-
diately. This product was at first believed to be a phenylhydrazide
of a sugar acid, but the substance was later identified as mannose
phenylhydrazone.22 After removing the mannose phenylhydra-
zone the excess of the phenylhydrazine was removed with benzal-
dehyde in the usual manner and the solution was concentrated in
vacuo to a thick syrup. The syrup on treatment with alcohol left
an insoluble residue. This residue was dissolved in water and the
solution was diluted with alcohol, whereupon colorless prismatic
crystals separated. This crystalline substance was identified as inac-
tive inositol.8 This was the first time that inositol had been found
as a constituent of a phosphatide, but in recent years inositol has been
isolated from other phosphatides of both plant45 and animal40 origin.
The alcohol extract mentioned above was evaporated to dryness
under reduced pressure and left a thick syrup which gave reduction
with Fehling's solution. The syrup was dissolved in a little water
and heated with phenylhydrazine hydrochloride and sodium acetate,
whereupon a crystalline osazone separated which, after recrystalliza-
tion, was found to be identical with glucosazone.
The phosphatides from the acid-fast bacteria that we have exam-
ined have all contained inositol and mannose,28 as is shown by the
data presented in Table 4.
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TABLE 4
WATER-SOLUBLE COMPOUNDS OF PHOSPHATIDES
Organism Human Bovine Avian Timothy Leprosy
Organic phosphoric acids %o 5.4 9.9 6.1 10.0 6.0
Mannose % ................... 9.2 6.7 13.3 9.0 10.8
Inositol % ................... 8.9 3.5 3.0 2.0 4.7
Other sugars ................... Present None Present Present Present
Saponification of the Phosphatide of the Human Tubercle Bacil-
lus with Alcoholic Potassium Hydroxide27-The phosphatide is
hydrolyzed rather slowly in aqueous sulfuric acid and it requires
from 7 to I0 hours ofrefluxing before hydrolysis is completed. On
the other hand, the phosphatide is remarkably sensitive to alkali
and the cleavage products are entirely different from those obtained
on acid hydrolysis. When a solution of the phosphatide in ben-
zene is mixed with a slight excess of alcoholic potassium hydroxide at
room temperature, a dense precipitate separates almost immediately.
The precipitate is water soluble and contains an organic phosphoric
acid corresponding to the formula C9H20014P2 and a glucoside
which contains phosphorus in organic combination. The fatty acids
have been split off completely and their potassium salts remain in
the benzene solution.
The phosphorus-containing glucoside can be freed of phosphorus
by heating with dilute ammonia in a sealed tube to 170-185° for
about 7 hours. The glucoside isolated after this treatment gives
no reduction with Fehling's solution, but after it has been hydro-
lyzed by refluxing with dilute sulfuric acid it is split into two parts
of mannose and one part of inositol. This glucoside received the
name manninositose.26 The only reducing sugar found after alka-
line saponification was mannose, whereas when the phosphatide is
hydrolyzed with dilute acid there is always found inositol, mannose,
and another hexose which gives a typical glucosazone. No explana-
tion can be given at this time for this difference in cleavage products.
The Acetone-soluble Fats0--The acetone-soluble fats were
obtained from the original alcohol-ether-soluble lipids after the
phosphatide and wax had been removed. The only criterion of
purity was that the fats were completely soluble in ice-cold acetone.
All of the fats were partly oily, salve-like masses of dark brownish
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red color. The fats contained a large percentage of free fatty acids,
and they possessed a peculiar perfume-like odor which is character-
istic of the cultures of tubercle bacilli. The fats were free from
phosphorus, nitrogen, and sulfur. The constants of the fats are
given in Table 5.
TABLE 5
CONSTANTS OF ACETONE-SOLUBLE FATS
Leprosy
Organism Human Bovine Avian Timothy neutral fat
Melting-point . ................... 330 380 25 0 Liquid 19-20°
Iodine No . ................ 52.6 48.4 63.7 72.3 47.9
Acid No. ..... ... 60.3 117.5 44.5 62.7 ......
Saponification No. .............. 203.6 171.2 180.1 231.8 ......
Ester No. ..... ................. 143.3 53.7 135.6 169.1 ......
Reichert-Meisel No. .......... 3.9 4.1 10.9 Trace 5.2
Unsaponifiable matter %O .... 10.3 9.7 20.1 22.1 22.1
Saponification of the Fats-The fats were saponified in the usual
manner with alcoholic potassium hydroxide, and the cleavage prod-
ucts were separated into water-soluble constituents, unsaponifiable
matter, and fatty acids.
The Water-soluble Constituents-The fat of the tubercle bacil-
lus is referred to in older literature as glycerides, but glycerol had
never been adequately identified as a constituent of the fat after
saponification. In our earlier studies of the acetone-soluble fats
from human and bovine tubercle bacilli, and from the Timothy
grass bacillus, no glycerol could be found. Evidence of a water-
soluble compound was obtained, but the substance could not be
identified. We found later that a water-soluble compound from
the fat of the human tubercle bacillus strains H-371" and A-1289
was the disaccharide trehalose. Trehalose was also found after
saponifying the fat of the leprosy bacillus.20 In these cases the
trehalose was identified as the crystalline octaacetate and by crystal-
lization of the free trehalose.
It is evident, therefore, that the neutral fat of the tubercle
bacillus is not a glyceride, but consists of fatty acid esters of treha-
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lose. In view of the fact that glycerol is the chief source of carbon
in the Long medium, it is remarkable that the bacilli synthesize
the disaccharide trehalose with which the fatty acids are combined
to form neutral fat. This illustrates the unusual metabolic activi-
ties of this organism.
The Unsaponifiable Matter-The unsaponifiable matter from
every bacillary fat that we have examined was obtained as very
dark-colored oils with high iodine numbers. Qualitative tests for
sterols were negative. Up to the present time no detailed study
of the unsaponifiable matter has been carried out, and nothing is
known concerning the composition of this material.
a- and 3-Leprosol38-Unsaponifiable matter from the fat of the
leprosy bacillus, when first prepared, was a very thick dark red oil,
but after the material had stood at room temperature for some
time a portion of it had solidified. The solid substance was isolated
by means of petroleum ether in which it was very insoluble. On
purification this substance gave two new crystalline alcohols which
were named ac-leprosol and 3-leprosol. These compounds were
found to be identical in composition, and they gave identical reac-
tions, differing only in solubility and melting-points. The least
soluble fraction was called a-leprosol and it melted at 100-101°.
The more soluble substance, called 3-leprosol, melted at 84-85°.
In composition the leprosols correspond to the formula C26H4602
or possibly C25H4402. They gave no sterol color reactions, but
they formed insoluble crystalline digitonides.
The chemical constitutions of the leprosols have not been estab-
lished, but it was found that one oxygen atom was present as
hydroxyl, and the other as methoxyl. Both compounds form crys-
talline monobromides and both form monoacetyl derivatives. The
acetyl derivatives are entirely indifferent to bromine. Both lep-
rosols are easily methylated by dimethylsulfate, but they do not
react with diazomethane. In the Zeisel reaction both compounds
are demethylated and give crystalline dihydroxy derivatives which
can be acetylated, but they cannot be methylated, either by dimethyl-
sulfate or diazomethane. The reactions of the leprosols would
indicate that they are phenolic compounds with the hydroxyl and
methoxyl groups contained in the benzene ring, and that there are
one or more side chains attached to the ring.
The Fatty Acids of the Acetone-soluble Fats-The crude fatty
acids were separated into solid saturated acids and liquid acids by
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the lead soap ether procedure. The solid acids, after conversion
to methyl esters, were fractionated by distillation in vacuo until pure
fractions were obtained. The esters were then saponified and the
free acids were isolated, purified by recrystallization, and their prop-
erties were determined.
The Liquid Fatty Acids-The liquid fatty acids were obtained
as dark-colored oils, the iodine numbers were low, thus indicating
the presence of liquid saturated fatty acids similar to those encoun-
tered in the liquid acids obtained from the phosphatides. For the
separation of the unsaturated fatty acids recourse was had to catalytic
hydrogenation. By repeating the lead salt ether separation the
solid reduced acids yielded ether-insoluble salts which could be
removed by filtration. The liquid saturated acids gave ether-
soluble lead salts, and could, therefore, be separated from the
reduced solid acids.
Liquid Saturated Fatty Acids-The liquid saturated fatty acids
represent important specific metabolic products of the tuberde bacilli
and other acid-fast bacteria. Acids of this type have never been
found in ordinary fats. These acids have high molecular weights,
but at ordinary temperature they are either oily liquids or low-
melting solids. They are completely saturated compounds but they
form lead salts that are very easily soluble in ether. Certain of
these new acids are dextrorotatory. Others show a levorotation,
while other members of the series are optically inactive.
Liquid Saturated Fatty Acids from the Human Tubercle Bacil-
lus-The liquid saturated fatty acids isolated from the acetone-
soluble fat of the human tubercle bacillus were converted into
methyl esters, and the esters were fractionated in a special all-glass
distilling apparatus in a high vacuum. Up to the present time only
two acids, namely, tuberculostearic acid1' and phthioic acid4 have
been obtained in a reasonable state of purity. A third acid showing
a levorotation' has also been obtained.
Future investigations of the liquid saturated acid fraction will
undoubtedly lead to the discovery of other new acids. During the
first fractional distillation of the esters there always remains a con-
siderable quantity of non-volatile residues. The nature of this
material is unknown but it must contain acids of very high molecular
weight. Unfortunately, adequate criteria of purity for acids of this
type do not exist at present, and for this reason it is necessary to
interpret results of investigations with some reserve.
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The lowest member of these new acids was at first believed to be
an isomer of stearic acid, and for this reason it was called tuber-
culostearic acid. However, after a more thorough purification it
was shown by Spielman55 that the correct formula of the acid was
C19H3802 and that the constitution was most likely 10-methyl-
stearicacid, as representedbythe formulaCEI(CH2)7 CH(C*3)sCOOH. The &3
acid is a colorless oil at ordinary temperature but it solidifies on
cooling and melts at 10-11°. The acid shows no optical activity
and it does not possess any particularly important biological activity.
The next highest member is a very important new acid and by
reason of its biological activity it was named phthioic acid. The
purified phthioic acid56 is athick, colorless oil which melts at 20-210.
Its specific dextrorotation is +12.50. It corresponds in composition
to a saturated hexacosanoic acid, C26H5202. The constitution of
phthioic acid has not been established but it probably contains a
highly branched chain structure.
The biological properties of phthioic acid have been investigated
by Sabin and collaborators.54 It was found that when the acid is
injected into normal animals it stimulates the formation of mono-
cytes, epithelioid cells, and giant cells with the formation of typical
tubercular tissue.
Liquid Saturated Fatty Acids from Other Acid-fast Bacilli-
The acetone-soluble fats of bovine32 and avian tubercle bacilli, and
of the Timothy bacillus49 all yielded liquid saturated fatty acids,
whose lead salts were easily soluble in ether. However, these acids
were optically inactive and were, therefore, different from those
occurring in the human tubercle bacillus. The composition of
these acids has not been adequately studied.
From the acetone-soluble fat of the leprosy bacillus20 a number
of liquid saturated acids were obtained which gave ether-soluble
lead salts. These acids could not be adequately purified, but from
the data obtained it appeared probable that acids of the C16, Ci9, and
C22 series were present. All of these acids were optically active
and showed low dextrorotation.
The Ordinary Fatty Acids Occurring in the Acetone-soluble Fats
-The fats all contained traces of steam volatile acids which pos-
sessed an odor similar to that of butyric acid, but the amounts
obtained were too small to permit complete identification. The
solid fatty acids found in the fats of the human, bovine, and Tim-
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othy bacilli were relatively simple, and consisted mainly of palmitic
acid. Small amounts of stearic acid and n-hexacosanoic acid were
also present in some cases. The unsaturated acids were apparently
represented mainly by linoleic acid and linolenic acids, but small
amounts of oleic acid were probably present. The unsaturated acids
could not be isolated directly, but were determined indirectly after
catalytic hydrogenation. Stearic acid was the chief component of
all the reduced acids.
The acetone-soluble fat of the leprosy bacillus contains a very
complex mixture of fatty acids. The ordinary solid fatty acids were
represented by caproic, myristic, palmitic, stearic, arachidic, behenic,
and tetracosanoic acids. The unsaturated acids, after catalytic reduc-
tion, yielded solid reduced acids from which it was possible to isolate
acids of the C14, C16, C18, C20, C21, C22, and C25 series.
The percentage composition of the acetone-soluble fats after
saponification is summarized in Table 6.
TABLE 6
PERCENTAGE COMPOSITION OF THE ACETONE-SOLUBLE FATS
Orgnmifm Human Bovine Avian Timothy Leprosy
Water-soluble compounds 6.6 9.3 11.7 4.8 ......
Unsaponifiable matter ........ 10.3 13.1 20.1 22.1 22.1
Total fatty acids ................ 83.3 83.9 59.1 74.0 75.6
Solid fatty acids .................. 30.3 32.4 8.6 15.9 38.0
Liquid fatty acids .............. 50.6 45.0 33.2 44.6 35.0
Iodine No. of liquid acids .... 53.8 65.6 35.0 65.0 63.8
Reduced solid acids ............ 12.5 10.6 16.9 12.0 25.8
Liquid saturated acids ........I 38.0 18.6 7.2 19.2 7.5
Lipids from Recently Isolated Strains of the Human Tubercie
Bacillus-In order to determine whether other strains of the human
tubercle bacillus contained the same characteristic compounds that
were found in strain H-37, an examination was made of 4 strains
of bacilli that had been recently isolated from human cases of tuber-
culosis."9 It was found that decided variations occurred in the
quantities of lipid fractions, and also in their chemical constants.
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However, the lipids contain specific substances such as tuberculo-
stearic acid, phthioic acid, phthiocol, and the alcohol phthiocerol.
It is evident, therefore, that the lipid constituents may vary from
strain to strain and even show great differences in chemical con-
stants, but qualitatively the bacilli produced the compounds which
are peculiar to the human type of tuberde bacilli.
Acid-fast Bacterial Waxes-The so-called wax fractions were
obtained by extraction with chloroform of the bacterial cells
that had been exhaustively extracted with alcohol-ether. The
chloroform extracts, after filtration through Chamberland filters,
were concentrated to dryness and the residues were purified by
precipitation from ether or chloroform solutions with acetone or
methyl alcohol until white powders were obtained. A study of the
cleavage products liberated on saponification has shown that the
bacterial waxes are not true waxes in the ordinary sense. The
cleavage products were found to consist of optically active hydroxy
acids of very high molecular weight, certain lower fatty acids, some
new higher alcohols, carbohydrates, and in some cases glycerol.
The bacterial waxes represent, therefore, mixtures of fatty acid
esters of carbohydrates, glycerides, and some true waxes. The
fatty acids occurring in the waxes were in most cases new and pre-
viously unknown compounds, and their chemical constitution has
not been elucidated.
The properties and cleavage products of the purified waxes are
listed in Table 7.
TABLE 7
PROPERTIES OF THE PURIFIED WAX FRACTIONS
Organism Humam Bovine Avian Timothy Leprosy
Melting-point . 200-205° 47-540 54-550 450 50-51o
[a3D in CHCl8 ...... ...... +15.60 +38.60 +15.10 +4.00
Phosphorus %o 0.41 0.30 Trace 0.29 None
Nitrogen % 0.77 0.16 None 0.41 None
Fatty acids %o 60.6 80.4 83.4 66.2 93.0
Higher alcohols %o ...... 5.4 9.9 13.0 7.0
Carbohydrate o .... 40.0 9.0 12.3 4.6 None
Glycerol % None 1.3 None 3.0 6.0
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The Wax from the Human Tubercle Bacillus-The crude wax
obtained by extracting the partly defatted bacilli with chloroform
was a yellowish, brittle mass which melted at 50-51°. It was easily
soluble in ether, chloroform, benzene, and toluene, but it was
practically insoluble in alcohol, acetone, or methyl alcohol. For
purification the crude wax was precipitated from ether and toluene
solutions with methyl alcohol or acetone until a white amorphous
powder was obtained.' The mother-liquors on evaporation to dry-
ness left a brownish salve-like mass which was designated soft wax.'
The purified wax melted with decomposition at 200-205°. It
contained 0.41 per cent of phosphorus and 0.77 per cent of nitrogen.
On saponification it gave 71 per cent of ether-soluble compounds,
and about 40 per cent of water-soluble carbohydrate.
The ether-soluble compounds consisted mainly of a hydroxv
acid of very high molecular weight which could be extracted from
the alkaline saponification mixture with ether, and hence it was
designated7 by the term "unsaponifiable wax," but a small amount
of lower fatty acids and a dihydric alcohol which was named phthi-
ocerol were also present.
The Unsaponifiable Wax-The unsaponifiable wax was found
to be the potassium salt of a hydroxy acid. After the potassium
had been removed the acid was obtained by precipitation from ether
with acetone as a white amorphous powder. The acid possessed
peculiar and interesting properties. It melted at 57-58° and on
analyses was found to contain hydroxyl and methoxyl groups, and
it was acid fast. When heated under reduced pressure to 280-300°
it decomposed and a colorless crystalline acid distilled off, leaving
a nearly colorless non-volatile residue. The acid liberated on
pyrolysis was identified as n-hexacosanoic, C26H520.
Mycolic Acid-The unsaponifiable wax was extremely stable
and it could be refluxed with dilute acid or with alcoholic potassium
hydroxide for many hours without showing any change in proper-
ties. However, after prolonged saponification in benzene solution
with methyl alcoholic potassium hydroxide, it was possible to split
off a small amount of lower fatty acids and some neutral material
which was found to consist of the alcohol phthiocerol. The hydroxy
acid recovered after such exhaustive alkali treatment differed but
slightly in properties from the original unsaponifiable wax. The
acid was named mycolic acid.58 It melted at 54-56° and it was
dextrorotatory, [ae]D =+1.80. On analyses the carbon and hydro-
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gen values found agreed with the formula C88H17604 and the acid
contained one hydroxyl and one methoxyl to one carboxyl group.
Mycolic acid was acid fast and when heated under reduced pressure
to a temperature of 280-350° it decomposed in the same manner as
the unsaponifiable wax, giving n-hexacosanoic acid which distilled
off leaving a nearly colorless non-volatile residue.
The Alcohol Phthiocerol-The alcohol phthiocerol was first
obtained by Stodola and Anderson57 from the purified wax of the
human tuberde bacillus strain H-37. Phthiocerol crystallizes from
ethyl acetate in rosettes of prismatic needles, and it melts at 73-74°.
In chloroform solution it shows a levorotation, [a] D- 4.8°. It
contains two hydroxyl groups and one methoxyl group, and its for-
mula, determined by analyses, is either C35H7203 or possibly
C36H7403. The constitution of phthiocerol has not yet been estab-
lished. It appears to be a constant and characteristic constituent not
only of all the wax fractions of the tubercle bacillus strain H-37, but
it also occurs in the wax fractions of all strains of the human type
of tubercle bacilli that have been investigated.5" Other strains of
acid-fast bacteria, such as the avian, Timothy, and leprosy bacillus
do not contain phthiocerol.
Since phthiocerol is a crystalline compound that can be easily
purified and identified, it was believed that this substance might
serve as a means of chemically differentiating the human tubercle
bacillus from other types of acid-fast bacteria. This expectation
was not realized, however, because in the analyses of the wax
derived from the bovine tubercle bacillus Cason and Anderson33
found that phthiocerol was present in this wax also.
Polysaccharide of the Purified Wax88-The polysaccharide com-
ponent of the purified wax, which amounted to about 40 per cent
of the wax, is most conveniently obtained by the following pro-
cedure. The wax is dissolved in benzene and a solution of potas-
sium hydroxide in methyl alcohol is added in excess 4t room
temperature, whereupon a precipitate separates almost immediately.
The precipitate which consists of the water-soluble polysaccharide is
filtered off and washed with benzene and methyl alcohol. The
mycolic acid and other ether-soluble constituents remain in the
benzene solution. The polysaccharide, after it has been purified,
is obtained as a white amorphious powder which is slightly hvdro-
scopic. It contains small amounts of phosphorus and nitrogen and
it gives a precipitin reaction with immune horse serum, in dilutions
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of more than 1:1,000,000. When the polysaccharide is hydrolyzed
with dilute sulfuric acid, reducing sugars are liberated and amount
to about 57 per cent of the polysaccharide calculated as glucose.
The reducing sugars can be separated by means of appropriate
phenylhydrazones and were identified as mannose, d-arabinose, and
galactose. In addition traces of glucosamine and inositol were
also identified. The main component of the reducing sugar was
d-arabinose, a pentose rarely found in nature.
The amount of mannose, d-arabinose, and galactose actually
isolated in the form of phenylhydrazones accounted for practically
all of the reducing sugars which were liberated on hydrolysis.
However, nearly one-half of the polysaccharide molecule, which
consisted of non-reducing substances, could not be identified.
The Soft Wax6--The cleavage products obtained on saponifica-
tion of the soft wax consisted of glycerol, mycolic acd, a mixture
of certain lower fatty acids, and the alcohol phthiocerol. The sub-
stance was, therefore, a mixturecontainingglycerides and true waxes.
The Wax Contained in the Alcohol-Ether Extracts62-The
mixed lipids extracted from tuberde bacilli with alcohol-ether con-
sist of acetone-soluble fat, phosphatide, and some wax-like material.
In the purification of the phosphatide by precipitation from ether
solution with acetone, the acetone-soluble fat and the wax accumu-
late in the mother-liquors. The wax fraction is obtained by con-
centrating the combined mother-liquors until the ether is removed.
On cooling the resulting acetone solution in ice-water the wax is pre-
cipitated as a nearly white amorphous powder. In the analyses of
this material it was first separated into three fractions, the proper-
ties of which are given in Table 8. Judging by the results recorded
in Table 8 it is evident that all the fractions were complex mixtures
from which no pure substance could be obtained. Each fraction
was, therefore, saponified and the cleavage products were separated.
The results which are given in Table 9 indicate that the wax frac-
tions consisted of fatty acid esters of carbohydrates, glycerides, and
true waxes.
The lower fatty acids consisted of a complex mixture which was
separated into (a) saturated normal acids consisting of palmitic,
stearic, and n-hexacosanoic acid; (b) saturated branch chain acids,
tuberculostearic acid, phthioic acid, and a levorotatory acid which
corresponded to the formula C31H6202; (c) unsaturated acids of
the C26 series, which on hydrogenation gave n-hexacosanoic acid.
All three fractions contained the alcohol phthiocerol.
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The water-soluble products consisted of glycerol and a carbo-
hydrate. The carbohydrate on analyses yielded only mannose and
inositol, and accordingly had a very different composition from the
polysaccharide contained in the purified wax.
Pigments in Tubercle Bacilli-A pigment named phthiocol was
isolated from the human tuberde bacillus by Anderson and New-
TABLE 8
PROPERTIES OF WAX FRACTIONS PROM ALCOHOL-ETHER EXTRACT
Fraction No. I Il
Wt. Gm .32.0 27.5 27.0
Melting-point ......... ............... 45-460 36-380 26-28o
[a]D in CHCI8 ................ -0.8° +19.00 +27.40
Ash % ............. 0.78 0.75 0.73
Phosphorus %o ...... 0.32 0.19 0.13
Nitrogen o .None 0.14 0.24
Iodine No. . None 9.1 19.6
Saponification No . 46 122 136
man,"7 who obtained it in the form of yellow prismatic crystals.
The substance melted at 173-174°, and its composition corresponded
to the formula C11H803. The constitution18 of the pigment was
established by the following reactions. Acetylation gave a mono-
acetyl derivative, CiIH703COCH3, in the form of light yellow
crystals which melted at 101-102°. The monoacetyl derivative on
reductive acetylation by refluxing with zinc dust, glacial acetic acid,
TABLE 9
CLEAVAGE PRODUCTS OF WAX FRACTIONS FROM ALCOHOL-ETHER EXTRACT
Fraction No. I II III
Unsaponifiable wax . .63.6 23.6 9.2
Lower fatty acids . .24.8 66.8 81.8
PhthiocerolSb .............. 3.0 6.4 3.2
Polysaccharide Sb .. . ........... 1.6 4.9 9.7
Glycerol %o ............................ 1.3 2.0 3.0
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and acetic anhydride was converted into a colorless, crystalline tri-
acetyl derivative, thus indicating a quinone structure. The three
oxygen atoms were, therefore, accounted for, one as a hydroxyl
group and two as a quinone. Phthalic acid was obtained when an
alkaline solution of phthiocol was oxidized with hydrogen peroxide.
It was conduded, therefore, that the pigment was 2-methyl-




Many naphthoquinones have been found to occur in natural
products, and many more have been synthesized and described in
the chemical literature. However, no substance identical in con-
stitution with phthiocol had been described before this substance was
isolated from the tubercle bacillus.
By reason of its solubility, phthiocol is extracted from the bacilli
with alcohol and ether and it becomes concentrated in the acetone-
soluble fat. It occurs partly in the free state and partly combined.
The free phthiocol can be removed by extracting an ethereal solution
of the fat with a dilute solution of sodium carbonate because it forms
water-soluble alkali salts which are of bright red color. On saponi-
fication of the fat from which the free pigment has been removed,
the combined form of the pigment is liberated and can be isolated.
After the constitution of phthiocol had been established, its syn-
thetic production from 2-methylnaphthalene was readily accom-
plished."9 At the present time several methods of synthesis are
available.47
There is some interest in phthiocol in connection with vitamin K
activity, since it was shown by Almquist and Klose' that phthiocol
possessed vitamin K activity. Although the vitamin K activity of
phthiocol is low, it is, nevertheless, an effective antihemorrhagic
agent and it has been used with success in several human cases where
the prothrombin was low.
Riboflavin in Tubercle Bacilli-It is a matter of common obser-
vation that the liquid culture media upon which tubercle bacilli have
grown exhibit a yellowish green fluorescence in ordinary light.
Aqueous or dilute alcoholic extracts prepared from partly defatted
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bacilli exhibit the same phenomenon. Under ultraviolet light the
solutions show an intense and beautiful blue fluorescence. The
fluorescent pigment can be adsorbed on Fuller's earth and it can be
eluted by a mixture of pyridine-methyl alcohol-water. The pig-
ment cannot be extracted from aqueous solutions by immiscible
organic solvents, but after the solutions have been made alkaline and
irradiated with stronglight and then acidified, it is possible to extract
a greenish yellow fluorescent pigment with chloroform. This pig-
ment possesses the properties of lumoflavin. The presence in the
original extract of riboflavin is, therefore, indicated. In addition
to riboflavin, tubercle bacilli contain other pigments which show
beautiful blue fluorescence in ultraviolet light. These pigments are
apparently not affected by irradiation with light and have not yet
been isolated.
Riboflavin was first identified in culture media upon which
tubercle bacilli had been grown by Boissevain, Drea, and Schultz."'
Similar observations have since been reported by Rohner and
Roulet,53 and also by Street and Reeves.59
Carotinoid Pigments in Acid-fast Bacteria-Up to the present
time no carotinoid pigment has been isolated from tubercle bacilli,
and it is not known whether such pigments occur in this organism,
but the presence of carotinoid pigments in two other strains of acid-
fast bacteria has been demonstrated.
The Timothy grass bacillus when grown on the Long synthetic
medium is strongly pigmented. The acetone-soluble fat is dark
red in color. Some years ago the pigment of the Timothy bacillus
was examined in this laboratory by Chargaff.35 By means of chro-
matographic adsorption on a column of calcium carbonate the
presence of at least three pigments was indicated, one of which was
apparently carotene, C40H56, while the possible presence of xantho-
phyll, C40H5602, was also indicated.
Some strains of the so-called leprosy bacillus are highly chromo-
genic and lipids extracted from such bacteria are deep red in color.
Grundmann and Takeda43 obtained a new carotene named leprotin
from a strain of the leprosy bacillus. Takeda and Ohta60 studied
this carotene and assigned to it the formula C40H54.
The Timothy Grass Bacillus Wax-The crude chloroform-
soluble wax of the Timothy grass bacillus was studied by Pangborn
and Anderson.48 The wax was purified by repeated precipitation
from ethereal solution with acetone until a nearly white amorphous
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powder was obtained. The properties and deavage products of
the purified wax are recorded in Table 7. The fatty acids consisted
of a mixture of optically active unsaturated hydroxy acids of high
molecular weight. None ofthe ordinary fatty acids could be found.
The hydroxy acids did not separate in crystalline form, but as amor-
phous white powders. What seemed to be the purest acid fraction
melted at 56-57°, [a-]D =+6.10, iodine number 15.2, and the
values obtained on analyses corresponded approximately to the for-
mula C70H13806. It was probably a dibasic acid, because the molec-
ular weight determined by titration was 518, while the Rast method
gave avalue of 1000. The acid contained no methoxyl and by acet-
ylation only one hydroxyl group could be demonstrated.
This acid was studied more closely by Peck and Anderson,50 and
it was named phleimycolic acid. When the methyl ester of
phleimycolic acid was heated to 250-280° under reduced pressure it
decomposed in the same manner as mycolic acid, and a crystalline
methyl ester distilled off leaving a non-volatile residue. The ester
on saponification gave acrystalline fatty acidwhich melted at 75-760
and corresponded in composition to a tetracosanoic acid, C24H4802.
Phleimycolic acid resembles mycolic acid in many of its properties,
but it differs in composition and it gives a new and different volatile
acd on pyrolysis.
Unsaponifiable Matter-The unsaponifiable or neutral material
gave no sterol color reactions, but was found to contain two new
optically active crystalline secondary alcohols, d-eicosanol-2 and
d-octadecanol-2. These two alcohols were the first higher alcohols
to be isolated and identified as constituents of acid-fast bacterial
waxes. These alcohols had not been found previously in any other
natural product, nor had they been described in chemical litera-
ture. It was interesting, therefore, that it was possible to deter-
mine not only the composition but also to establish the chemical
constitutions of these alcohols. On oxidation with chromic acid
both alcohols gave crystalline ketones, thus showing that they were
secondary alcohols. The ketones were identified as the previously
known 2-eicosanone, CH3(CH2)17COCH3, and 2-octadecanone,
CH3(CH2)15C0CH3. The chemical constitutions of the alcohols
were,therefore, asfollows:d-eicosanol-2, CH3(CH2)17CHOHCH3,
and d-octadecanol-2, CH3(CH2)15CHOHCH3.
The properties of the new alcohols and their ketones are given
in Table 10.
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TABLE 10
PROPERTIES OF THE ALCOHOLS AND KETONES
Substance Formula [a]D in CHCI8 Melting-poit
d-Eicosanol-2 ..................... C20H420 +4.20 62-63o
2-Eicosanone ..................... C20H400 ........ 58-590
d-Octadecanol-2 ..................... C18H880 +5.70 560
2-Octadecanone ..................... C18H360 ........ 520
The Water-soluble Cleavage Products-The water-soluble
cleavage products consisted of glycerol and a carbohydrate. The
glycerol was identified by means of its tribenzoyl derivative. The
carbohydrate was identified as the disaccharide trehalose.
The Timothy bacillus wax was accordingly a mixture containing
solid glycerides, waxes consisting of fatty acid esters of the two new
alcohols, and fatty acid esters of trehalose. The only constituents
obtained on saponification that were known previously were glycerol
and trehalose.
The Wax of the Avian Tubercle Bacillus-The chloroform-
soluble wax isolated from the avian tubercle bacillus by Anderson
and Roberts23 was studied by Reeves and Anderson.52 The crude
wax was purified by precipitation from ether and chloroform solu-
tion by addition of methyl alcohol, and in this manner two prinacpal
fractions were obtained as white amorphous powders. The proper-
ties andcleavageproducts ofthetwofractions are shown in Table I 1.
TABLE I1
THE PURIFIED WAX FROM THE AVIAN TUBERCLE BACILLUS
Fraction I Fraction ll
Melting-point .54.550 53-55
0
[a]D in CHC1 .+3 8.60 +17.70
Iodine No .4.5 8.7
CLEAVAGE PRODUCTS ON SAPONIFICATION
Carbohydrate % .12.3 5.6
Hydroxy acids % .81.0 84.8
Lower fatty acids %.2.4 6.8
Unsaponifiable matter % 9.9 9.0
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It will be noted that the deavage products of the two fractions
were very similar, and that the chief difference was in the amount
of carbohydrate and the magnitude of the optical rotation. The
only water-soluble component liberated on saponification was the
disaccharide trehalose. No glycerol could be found. The tre-
halose was purified by means of the octaacetate, and the latter on
saponification gave pure trehalose which was obtained in crystalline
form.
The chief ether-soluble compound consisted of optically active
hydroxy acids of high molecular weight. These acids were sepa-
rated by means of their potassium salts into two fractions which dif-
fereddecidedly in composition. Anderson and Creighton"2 assigned
the names of avian-a-mycolic acid and avian-f3-mycolic acid to these
acids, and found that they gave different volatile acids on pyrolysis.
Avian-ac-mycolic acid gave 25 per cent of a crystalline pentacosanoic
acid, whereas avian-3-mycolic acidgave 21 percent of n-tetracosanoic
acid.
The properties of the avian-mycolic acids and volatile acids
obtained on pyrolysis are given in Table 12.
TABLE 12
THE AVIAN a- AND ,B-MYCOLIC ACIDS
Avian
a-Mycolic acid p-mycolkcacid
Melting-point ..................................................... 69-70o 60-610
[a]D in CHCI3. +5.60 +5.50
Carbon %o ..................... 78.99 82.46
Hydrogen %. .12.78 13.49
Mol. wt. by titration .50 1-520 1280-1300
Volatile acid on pyrolysis. C5H5002 C24H4802
Melting-point of volatile acid 78-790 830
The Unsaponifiable Matter-The neutral or unsaponifiable mat-
ter obtained on saponification of the wax fractions was found to
consist of the two new alcohols d-eicosanol-2 and d-octadecanol-2,
and these were identical with the alcohols first isolated from the
Timothy bacillus wax. Neither sterols nor any other alcohols
could be found in the unsaponifiable matter.
334CHEMISTRY OF THE TUBERCLE BACILLUS
The T4Vax of the Bovine Tubercle Bacillus-The crude chloro-
form-soluble wax which had been isolated by Anderson and Rob-
erts"5 was purified and analyzed by Cason and Anderson.34 The
purified wax melted at 540 and the specific optical rotation in ben-
zene was +15.50; iodine number 3.2. The wax contained 0.3 per
cent of phosphorus and a mere trace of nitrogen. The wax was
saponified and cleavage products were isolated, as shown in Table 13.
TABLE 13
CLEAVAGE PRODUCTS OF THE PURIFIED BOVINE BACILLUS WAX
Glycerol ............. 1.33%o
Carbohydrate ............. 9.02%o
Bovine mycolic acid ............. 61.03%
Lower fatty acids ............. 19.40%o
Unsaponifiable matter .. ............ 5.38%o
The Water-soluble Compounds-The water-soluble compounds
consisted of glycerol and a carbohydrate. The glycerol was identi-
fied by means of the crystalline tribenzoyl derivative. The car-
bohydrate after purification contained 2.2 per cent of phosphorus
and a trace of nitrogen. It gave no pentose color reactions and it
did not reduce Fehling's solution. After the carbohydrate had
been hydrolyzed with dilute sulfuric acid, the cleavage products
were found to consist of mannose, inositol, and inositolmonophos-
phoric acid. The mannose was isolated and identified as mannose
phenylhydrazone, and the inositol by direct crystallization.
The Fatty Acids-The fatty acids consisted of hydroxy acids and
certain lower fatty acids. The hydroxy acids were separated into
several fractions that differed in melting-points but whose composi-
tions were practically identical. The main fraction which was simi-
lar in properties to mycolic acid obtained from the wax of the human
tubercle bacillus was named bovine mycolic acid. Bovine mycolic
acid melted at 56-58°, [a] D in chloroform was + 2.7°, the molecu-
lar weight by titration was 1219. The acid contained one hydroxyl
and one methoxyl group to one carboxyl group.
On pyrolysis at a temperature of 250-300° under reduced pres-
sure the acid split in the same manner as mycolic acid, and a crvstal-
line acid distilled off leaving a non-volatile residue. The crystalline
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acid obtained by pyrolysis was identified as n-hexacosanoic acid,
C2LH5202.
The lower fatty acids were separated by the lead salt ether
method into solid acids and acids giving ether-soluble lead salts.
From the solid acids by fractionation of their methyl esters it was
possible to isolate pure palmitic acid and a small amount of tetra-
cosanoic acid, C24H4802.
The acids whose lead salts were soluble in ether gave on frac-
tionation of their methyl esters two new acids. The first acid
fraction gave on saponification an acid corresponding in composition
to the formula C18H3602. The acid was optically inactive, melted
at 29-30°, and was apparently an isomer of stearic acid; it probably
possessed a branched chain structure. The second ester fraction
gave on saponification a levorotatory acid corresponding approxi-
mately to the formula C28H5602. The acid was a non-crystalline
wax-like solid, melting-point 33-34°, [a] D in CHC13 - 3.980
and the molecular weight by titration was 430.
The Neutral or Unsaponifiable Matter-In the examination of
the neutral material it was possible to isolate a crystalline alcohol
having the formula C35H7203, or possibly C36H7403. The alcohol
melted at 73-740, and the [a] D in chloroform was -4.06°. It
contained two hydroxyl groups and one methoxyl group. The
properties of this alcohol were identical with those of phthiocerol33
which was first obtained from the wax of the human tubercle bacil-
lus. In addition to phthiocerol the neutral material contained a
non-crystalline fraction that could not be identified. No substance
givingsterol color reactions was found.
Judging by the cleavage products obtained, the bovine bacillus
wax resembles the low-melting wax contained in the alcohol-ether
extract of the human tubercle bacillus. Both waxes contain carbo-
hydrates which yield mannose and inositol on hydrolysis. Mycolic
acid and bovine mycolic acid are similar in properties, and on
pyrolysis yield n-hexacosanoic acid, and both waxes contain the
alcohol phthiocerol.
It was a matter of interest to find that the waxes of the human
and bovine tubercle bacilli were so similar in chemical composition.
These findings indicate that the two organisms are more closely
related than are the avian and the human tuberde bacilli, and this
relationship is also shown in the pathogenicity of the three
organisms.
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T'he Wax from the Leprosy Bacillus-A wax-like substance
called leprosintm was obtained from the mother-liquors in the puri-
fication of the phosphatide from the leprosy bacillus. After puri-
fication leprosin was an amorphous white powder, melting-point
50-51°, [ca] Din chloroform + 40, iodine number 5. The wax con-
tained no phosphorus, nitrogen, or ash.
Leprosin yielded the following products on saponification:
glycerol, which was the only water-soluble product, 6 per cent;
ordinary fatty acids, 30 per cent; higher hydroxy acids, 63 per cent;
and unsaponifiable matter, 7 per cent. The ordinary fatty acids
consisted of myristic, palmitic, stearic, possibly a tricosanoic acid, and
tetracosanoic acid.
The name leprosinic acid was given to the purest fraction of the
hydroxy acids. It melted at 62-63°, [aD in chloroform + 40,
iodine number 6. The acid did not crystallize but separated from
solvents in the form of colorless, globular particles, and it was acid
fast.
The unsaponifiable matter did not give any sterol color reactions.
By fractional crystallization it was possible to isolate the two second-
ary alcohols, d-eicosanol-2 and d-octadecanol-2, which were iden-
tical with the alcohols previously obtained in the Timothy bacillus
wax and the avian tubercle bacillus wax.
From the results obtained, it is evident that leprosin is a mixture
of solid glycerides and true waxes, the waxes consisting of fatty
acid esters of the two alcohols mentioned above.
The Firmly Bound Lipids of Tubercle Bacilli-In addition to
the lipids such as phosphatide, acetone-soluble fat, and wax that
can be extracted from tuberde bacilli with neutral solvents such as
alcohol-ether and chloroform, the bacterial cells contain relatively
large amounts of ether-soluble compounds that we have called
firmly bound lipids. The firmly bound lipids are combined in the
cellular structure in such a manner that they can only be extracted
after the cells have been treated with acids or alkali. The occur-
rence of the firmly bound lipids in tubercle bacilli has been known
for a long time, and Aronson30 in 1898 first called attention to this
fact. He noted that the bacterial cells, after thorough extraction
with neutral solvents, yielded additional ether-soluble lipids after
the cells had been treated with a mixture of alcohol-ether contain-
ing I per cent hydrochloric acid. Similar observations have been
reported by many subsequent investigators. Some have employed
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dilute hydrochloric acid, while others have used strong alkali. In
view of the fact that strong alkali would cause either partial or com-
plete saponification of the lipids with the liberation of free fatty
acids, it is evident that the material isolated after treatment with
alkali would give very little information about the chemical com-
position of the individual lipid compounds.
In what manner the firmly bound lipids exist in the cell structure
is not known. It is evident, however, that they must be combined
with some substance either protein or carbohydrate.
In order to obtain the firmly bound lipids as little altered as
possible, we have used the mildest possible methods for their isola-
tion. The bacterial cells, after thorough extraction with alcohol-
ether and chloroform, have been treated with 25 per cent alcohol
in order to remove a number of water-soluble constituents such as
polysaccharides, riboflavin, non-protein nitrogen compounds, inor-
ganic salts, etc. The cells are next treated for 4 or 5 hours at a
temperature of about 500 with a mixture of alcohol and ether con-
taining about 1 per cent hydrochloric acid. Following this treat-
ment the cells are exhaustively extracted with ether and chloroform.
The alcohol-ether extract, after concentration, dilution with
water, and extraction with ether, yields a small amount of fat-like
material which has not been investigated.
The ether and chloroform extracts were combined and concen-
trated under reduced pressure to a suitable volume, after which the
solution was forced through a Chamberland filter. It was possible
in this manner to separate the firmly bound lipids into filtrable and
unfiltrable fractions. The clear filtrate after concentration to a
small volume was diluted with alcohol, whereupon a white amor-
phous precipitant separated and this was called the filtrable bound
lipid.
The unfiltrable bound lipid remained as a thick, gummy mass
in the filter apparatus. It was easily soluble in ether and chloro-
form, but when attempts were made to force these solutions through
Chamberland filters only the solvent came through. In order to
remove bacterial cells the unfiltrable lipid was dissolved in ligroin
and the solution was centrifuged at high speed. The practically
clear supernatant solution was decanted and concentrated to dryness
in vacuo. The residue was dissolved in ether and the unfiltrable
lipid was precipitated by the addition of alcohol and was obtained
as a white amorphous powder.
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The amounts of bound lipids extracted from human2' and avian
tubercle bacilli'4 and from the leprosy bacillus4' are given in
Table 14.
TABLE 14
PER CENT OF FIRMLY BOUND LIPIDS IN ACID-FAST BACILLI
Organism Human A-10 Human A-12 Avan_ Leprosy
Filtrable ..... ...... 7.5 13.0 8.1 19.2
Unfiltrable ...... ..... 4.7 2.2 2.7 None
Total bound lipids ............ 12.2 15.2 10.8 1 19.2
It was found that the bound lipids of the leprosy bacillus passed
completely through a Chamberland filter and did not contain any
unfiltrable fraction. The amount of firmly bound lipids which
remained in the mother-liquors was obtained as a soft wax-like
material on evaporation of the solution to dryness. This material
has not been analyzed.
Analyses of Filtrable Bound Lipids-The properties and deav-
age products obtained on saponification of the filtrable bound lipids
are shown in Table 15.
TABLE 15
COMPOSITION OF THE FILTRABLE FIRMLY BOUND LIPIDS
Human
Organism A-1O A-12 Avian Leprosy
Melting-point. 80-8O5° 47480 900 175-1855
Ether-soluble material after saponifica-
tion % .76.9 85.0 80.9 66.4
Carbohydrate after saponification % ... 25.5 11.5 15.0 40.5
THE ETHER-SOLUBLE MATERIAL CONTAINED
Hydroxy acids %o ........... 54.0 ...... 69.0 84.5
Lower fatty acids % ........................ 38.0 3.7 9.3
Higher alcohols %o ........................... None ...... 8.25.5
The ether-soluble constituents consisted mainly of hydroxy acids
of high molecular weight, but small amounts of lower fatty acids
were also present. These acids could not be identified.
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The filtrable bound lipids from the avian tubercle bacillus and
the leprosy badllus contained notable amounts of unsaponifiable
matter. This unsaponifiable material was found to consist almost
entirely of d-eicosanol-2. No neutral material was found in the
bound lipids of the human tuberde bacillus.
Analyses of the Unfiltrable Lipids-The unfiltrable lipids dif-
fered chiefly from the filtrable lipids in that they contained a much
larger percentage of carbohydrate. The composition and cleavage
products from the unfiltrable lipids are given in Table 16.
TABLE 16
PROPERTIES AND COMPOSITION OF THE UNFILTRABLE BOUND LIPIDS
Orgarnism HumanA-10 Avian
Melting-point ............. .......................... 2000 2000
Phosphorus %O ............ ......................... 0.20 0.70
Nitrogen %o ............ ........................... 0.40 0.47
Ether-soluble after saponification %o .............................. 55.0 64.0
Carbohydrate after saponification %o .............................. 50.5 31.3
THE ETHER-SOLUBLE MATERIAL CONTAINED
Hydroxy acids %o ........ 90.9 76.2
Lower fatty acids %b ............ 7.4 5.6
Higher alcohols % ............ None 15.5
Certain interesting differences, not only in composition but in
cleavage products, are evident between the unfiltrable lipids of the
human and the avian tubercle bacilli. The unfiltrable lipid of the
human tubercle bacillus yielded on saponification only fatty acids
and polysaccharide, while the corresponding fraction from the avian
bacillus gave fatty acids, polysaccharide, and d-eicosanol-2.
The Hydroxy Acids of the Firmly Bound Lipids-The ether-
soluble compounds obtained on saponification consisted mainly of
hydroxy acids. These acids possessed many properties in common
but they differed to some extent in composition and they gave dif-
ferent volatile acids on pyrolysis. The hydroxy acid found in the
bound lipids of the human tubercle bacillus appeared to be identical
with mycolic acid, and on pyrolysis n-hexacosanoic acid distilled off.
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The firmly bound lipid of the avian bacillus gave a hydroxy acid
which differedin properties from avian-a- andavian-p-mycolic acids,
and hence it was named avian-y-mycolic acid. The hydroxy acid
obtained from the firmly bound lipids of the leprosy bacillus was
very similar to leprosinic acid which was first isolated from leprosin.
The hydroxy acids are extremely difficult to purify. They do
not separate in crystalline form from solvents, but as small colorless,
globular particles. The determination of the equivalent weight of
some of these acids by titration, particularly of the avian mycolic
acids, phleimycolic acid, and leprosinic acid, give very variable
results and this is probably due to lactone formation.
The properties of the hydroxy acids obtained from the firmly
bound lipids are shown in Table 17.
TABLE 17
HYDROXY FATTY ACIDS IN THE FIRMLY BOUND LIPIDS
Organism
Human A-10 Avimn Leprosy
Name of acid ..................................... Mycolic acid Avian y- Leprosinic
mycolic acid acid
Melting-point ..................................... 56-570 650 640
[a]D in CHC18..+ 1 .7....................... +1.70 +5.30 +5.40
Eq.wt.bytitration.208............................ 778 430
Carbon %b ................ ............ 81.6680.89 79.43
Hydrogen%. .0............................ 12.80 13.24 13.02
Volatile acid on pyrolysis ........... C26H5202 C24H4802 C24H4802
Melting-point of volatile acids 88-89° 88-890 81-820 76-770
Polysaccharides in the Firmly Bound Lipids-The poly-
saccharide components of the firmly bound lipids exhibit remarkable
differences in composition although they have one property in com-
mon, namely, they all give precipitin reactions in high dilutions with
immune horse serum.
The polysaccharide from the firmly bound lipids of the human
tubercle bacillus is fapparently identical with the polysaccharide
previously found in the purified wax and which also occurs in the
free state in the bacterial cells. On hydrolysis these polysaccharides
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from the human tubercle bacillus give mannose, d-arabinose, and
galactose, together with traces of inositol and glucosamine.
The chloroform-soluble wax of the avian tubercle bacillus con-
sists largely of fatty acid esters of the disaccharide trehalose, but the
firmly bound lipids of this organism contain a different and specific
polysaccharide. On hydrolysis this specific polysaccharide gives
mannose, d-arabinose, and galactose, but in very different propor-
tions from those found in the polysaccharide derived from the
human tuberde bacillus.
TABLE 18
COMPOSITION OF THE POLYSACCHARIDES
Organism Human A-10 Avian hcprosy
Precipitin reaction ....................... 1:1,000,000 1:500,000 1:2,000,000
Phosphorus % .......................0.38 1.04 None
Nitrogen %o ....................... 0.95 1.81 Trace
Reducing sugar on hydrolysis %o 57.0 50.1 50.5
Mannose % ....................... 6.6 27.3 None
d-Arabinose % ....................... 38.7 19.9 41.4
Other pentoses ....................... None None 7.0
Galactose % ....................... 12.2 3.5 1.0
Inositol ............ Present Present None
Glucosamine ....................... Present Present None
The wax fraction of the leprosy bacillus that we analyzed some
years ago, and to which the name leprosin was given, was found
to be a complex mixture of solid glycerides, which also contained
some true waxes. The high-melting fraction of the firmly bound
lipids of the leprosy bacillus consisted of fatty acid esters of a
specific polysaccharide,"3 but some true waxes were also present.
The polysaccharide differed completely in composition from the
polysaccharides found in the human and avian tubercle bacilli. The
leprosy bacillus polysaccharide was essentially a pentosan. It
yielded on hydrolysis mainly d-arabinose, but a small amount of
some other pentose was also present together with atraceofgalactose.
When the polysaccharides isolated from the firmly bound lipids
are hydrolyzed with dilute sulfuric acid, the reducing sugars which
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are liberated amount to about 50 per cent of the polysaccharide. It
has been possible to account for practically all of the reducing sugars
as mannose, d-arabinose, and galactose. The non-reducing portions
ofthe polysaccharide molecules have not been identified. The non-
reducing fractions have been obtained as non-crystallizable gums,
and their composition is unknown. The composition and proper-
ties of the polysaccharides of the firmly bound lipids of the human
and avian tubercle bacilli and of the leprosy bacillus are given in
Table 18.
Conclusions
It is evident from the results that we have obtained that the
lipids of the acid-fast bacilli are built on an entirely different pattern
from the lipids occurring in ordinary plant and animal material.
They also contain new and specific chemical compounds, such as
fatty acids, higher alcohols, and carbohydrates.
The fats are not glycerides, butfattyacidestersofthedisaccharide
trehalose. The phosphatides are combined with a carbohydrate
which contains phosphorus and which yields mannose and inositol
on hydrolysis. The waxes are mixtures consisting mainly of fatty
acid esters of carbohydrates, but some true waxes and small amounts
of glycerides are present in some of the wax fractions. The waxes
contain certain characteristic higher alcohols. The alcohol phthi-
ocerol occurs only in the wax of the human and bovine types of
tubercle bacilli. The secondary alcohols, d-eicosanol-2 and d-octa-
decanol-2, are found in the wax fractions of the Timothy bacillus,
the avian tubercle bacillus, and the leprosy bacillus. All of the
wax fractions contain optically active hydroxy acids of high molec-
ularweight which have been designated by the general name mycolic
acid. Every strain of bacilli that we have examined contained one
or more mycolic acids which differed in their properties. The
mycolic acids are acid fast.
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